Introduction
In many papers, difficulties with high frequency measure− ments are indicated which are related to finite conductivity of ITO electrodes in measuring cells [1] [2] [3] [4] [5] [6] [7] [8] [9] . In Ref. 7 , the proposed way to improve it is the addition of special (phe− nomenological) part in imaginary part of dielectric spec− trum. In Ref. 10 , the new theoretical model was introduced. It allows us to calculate the effective electric permittivity ( ¢ e EF and ¢¢ e EF ) which can be obtained in a real measuring cell. The dielectric response of measuring cell filled with liquid crystal is a function of the liquid crystal permittivity ( ¢ e LC and ¢¢ e LC ) and the cut−off frequency f 0 of a circuit con− sisting of R (electrodes resistance) and C 0 (empty cell capacity). This model gives us good results for high fre− quency modes detected in ITO cells [11, 12] . Additionally, previously used the special shape function Af n [7] for esti− mation of high frequency losses can be derived using this model [13] . In ITO cells, the main problem is the high elec− trodes resistivity R. When ITO in measuring cell is replaced with gold, the next problem related to the wires inductance L appears. Both effects are mentioned in other papers [1, 6] . ITO resistivity effect manifests as a faster decrease of ¢ e EF (as a frequency function) than it can be expected from liquid crystal properties. Wires inductivity effect manifests as an increase of ¢ e EF , while electric permittivity of liquid crystals in radio frequency range should only decrease [14] .
First of all, empty cell behaviour under the electric field should be known. Then, experimental characteristics of cell filled with liquid crystals are necessary. And finally the way should be known how to obtain the liquid crystal dielectric properties ( ¢ e LC and ¢¢ e LC ) from the measured ¢ e EF and ¢¢ e EF values.
Model presented in this paper shows how effective values of electric permittivity can be calculated from liquid crystal properties and from the cut−off frequency f 0 and the resonance frequency f R of the circuit consisting of R (electrode resis− tance), L (wires inductance), and C 0 (empty cell capacitance), as well as how to calculate liquid crystal properties from effec− tive values of electric permittivity, knowing the cut−off f 0 and the resonance f R frequencies of empty measuring cell.
Theory

Empty cell behaviour
When dielectric properties of a liquid crystalline material are investigated, the cell presented in Fig. 1 = e ( ), where e 0 is the vacuum permittivity. Dielectric properties of empty cell are important. The circuit of real capacitor is presented in Fig. 2 . The difference between real and ideal capacitors is their resistance R, mainly related to electrodes resistivity. For the real capaci− tor R > 0 W while for the ideal one R = 0 W. In experimental setup we need wires to apply electric signal into the measur− ing cell. In this case we should take into consideration their inductance L.
When harmonic electric signal
is applied, the following equation should be true (from Kirchhoff voltage law)
where q is the charge carried in the circuit [charge is the function of time q(t)]. Equation (2) can be written in following form
where 2b = R/L is the neper frequency (attenuation), a = U 0 /L is the normalized amplitude of external electric field, w R LC 2 0 1 = is the resonance angular frequency of LC 0 circuit.
When we solve this ordinary differential equation (using standard methods), the stationary solution q(t) for inhomo− geneous equation is as follows
where One can see that Eq. (4) consists of two parts. The first part is in phase with external electric signal Eq. (1), while the second part is phase−shifted. Shift equals -p 2. The first part is called the elastic part of q(t) function, while the se− cond part is called the absorption part. When we assume that inductivity of connecting wires can be neglected, it implies that w R ® ¥. In this case, we obtain the solution identical with Eq. (4) from Ref. 10 . Why these parts are called "elas− tic" and "absorption" parts was explained in Ref. 10 .
When capacitor is ideal, charge collected on the capaci− tor should be in phase with electric field [14] 
But for real empty capacitor (connected by real wires), its electrode resistivity as well as inductivity of connecting wires should be taken into account. Then, the capacitance C 0 is modified by the complex coefficient e KL * . It means that the effective capacity C cannot be treated as a real parameter any more. It becomes complex. We obtain
The complex coefficient e KL * has got its real and imagi− nary parts. When we compare Eqs. (4) and (6) , .
The first part of Eq. (7) ¢ e KL is responsible for energy (or electric charge) accumulation in the capacitor, while the second part ¢¢ e KL generates the energy dissipation on the pas− sive elements of the circuit [10] .
In Eqs. (4) and (7), the angular frequencies (w, w 0 , w R ) can be substituted by the frequencies (f, f 0 , f R ), because the frequencies in Eqs. (4) and (7) are normalized.
In the dielectric spectroscopy, the impedance Z of mea− suring cell as a function of frequency is studied [Z(f)]. To characterize the impedance Z, two parameters should be given. In dielectric spectroscopy of liquid crystal, usually the capacity C + and the conductivity G + in parallel equiva− lent circuit (Fig. 3) are measured [15] . It means that mea− sured serial connection (Fig. 2 ) of three passive elements (C 0 , R, L) is treated as parallel connection of the capacity C + and the conductivity G + (Fig. 3) . The inductance L is treated as parasitical parameter which does not contain any infor− mation on liquid crystal properties.
When the parameters C + and G + are measured for empty cell, the complex coefficient ¢ e KL can be calculated using equations It is worth to underline that the coefficient e KL * ( ¢ e KL and ¢¢ e KL ) cannot be interpreted as permittivity, despite the fact that Eqs. (8) are identical with Eqs. (14) . It is the technical coefficient defined by properties of measuring cell and mea− suring setup. Having ¢ e KL and ¢¢ e KL obtained from measure− ments using Eq. (8) one can find the parameters of empty cell (f 0 and f R ) by the fitting values ¢ e KL and ¢¢ e KL calculated using Eq. (7) with values obtained from Eq. (8) . Of course the cut−off frequency f 0 and the resonance frequency f R can a little differ for cell filled with liquid crystal. Similar effect related to f 0 changes only, was mentioned in Ref. 11 .
In Fig. 4 , ¢ e KL and ¢¢ e KL coefficients, as functions of fre− quency are plotted. Plots are prepared for several sets of parameters characterizing the measuring cells, shown in Table 1 . It is seen that the coefficients ( ¢ e KL and ¢¢ e KL ) vs. fre− quency, obtained for different parameters (f 0 and f R ) of experimental setup differ from each other. For plot 1 and plot 2 one can observe the curves like for relaxation process (one can say pseudo -relaxation process). The frequency f 0 is lower and far from f R for these plots.
For plot 3, one can see that ¢ e KL for frequency higher than f R has negative values. It means that the reactance X of the investigated circuit becomes the inductive reactance X L for f > f R . Below f R , the investigated circuit behaves like a circuit with the capacitive reactance X C . When f 0 = f R (for plot 4) this effect is stronger. We can see weaker effect of relaxation (circuit RC 0 ) and stronger effect of resonance (circuit LC 0 ). When f 0 > f R (for plot 5), one can see typical resonance process and exactly for f = f R one can see change of the sign of ¢ e KL and high value of ¢¢ e KL (much higher than 0.5 -what would be typical for re− laxation process in RC 0 circuit). The last plot 6 is to show the situation when f 0 and f R are the higher than typical col− lective relaxation in liquid crystal, but still they influence measurements for frequencies around 5 MHz and higher.
The same values of f 0 and f R will be used later in numerical simulation when liquid crystal is put into the measuring cell.
Measuring cell with liquid crystal
When the liquid crystal is put into the measuring cell, we obtain the circuit, presented in Fig. 5 .
In this case, Eq. (2) changes into the following equation
where e LC * is the complex permittivity of liquid crystalline medium e e e LC LC LC j * = ¢ -¢¢ .
Equation (10) changes into the following form
Opto−Electron. Rev., 20, no. The meaning of the coefficients b and a is the same as in Eq. (3). Main difference between Eqs. (2) and (11) is that the resonance angular frequency w R * is not a real parameter any more. It is defined as follows 
The way to solve Eq. (11) is similar as for Eq. (3), but it is much complicated because of the complex resonance angular frequency w R * . The stationary solution q(t) for inho− mogeneous equation is as follows , .
One can notice that if the measuring capacitor is empty, then one can find D = A and E = B.
As it is in case of Eqs. (4) and (7), we can substitute angular frequencies by the frequencies in Eq. (13) .
Having the capacity C + and the conductivity G + , mea− sured in parallel equivalent circuit (Fig. 3) 
Equations (14) have an identical form as Eq. (8).
When we analyze Eq. (13), one can see that when impedance of the whole sample (capacitor filled with liquid crystal) is measured, effective (obtained from measurement) electric permittivity ( ¢ e EF and ¢¢ e EF ) will differ from electric permittivity of liquid crystalline medium ( ¢ e LC and ¢¢ e LC ). In this case, the circuit shown in Fig. 5 can be substituted by equivalent circuit presented in Fig. 6 , consisting of the ideal capacitor C 0 filled with material possessing the effective permittivity e EF * , not "pure" liquid crystal permittivity e LC * .
When we suppose that inductivity of connecting wires can be neglected, it implies that w R ® ¥. In this case, Eq. 
Numerical verification
Let us see how experimental setup can modify the results obtained in experiment. For this we assume that liquid crys− talline medium is characterized by two dielectric relaxations typical for ferroelectric SmC* [16] : the Goldstone mode with the dielectric strength De G = 20 and the relaxation fre− quency f G = 1 kHz and the soft mode with the dielectric strength De S = 4 and the relaxation frequency f S = 100 kHz. High frequency limit of the electric permittivity e ¥ = 4. Electric permittivity of such phase is created numerically as a sum of two pure Debye modes [14] e e e e
Several measuring cells (we virtually put the liquid crys− tal into) are tested. Parameters of these cells are collected in Table 1 .
In Fig. 7 , the electric permittivity ( ¢ e LC and ¢¢ e LC ) for li− quid crystal (numerically generated) vs. frequency are pre− sented (LC). Additionally, six different effective permittivi− ties ( ¢ e EF and ¢¢ e EF ) for the parameters presented in Table 1 , calculated using Eq. (13) are shown. One can see two, well separated relaxations marked with red full circles observed in liquid crystal. All plots (1-6), give us different values of effective permittivities. For plots 1 and 2 (f R > f 0 ), effects related to electrode resistance are most important. One can see how these effects can hide or modify the soft mode. For plot 3 (f R > f 0 ), still effects related to resistivity are stronger but one can observe negative value of ¢ e EF . It suggests that for higher frequencies, the circuit shows inductive beha− viour. This effect is stronger for plots 4 and 6 (f R = f 0 ). For plot 5, due to f R and f 0 disparity (f R < f 0 -what is typical for cell with golden electrodes), the effects related to resonance (circuit LC 0 ) are stronger than the effects related to pseudo−relaxation (caused by the circuit RC 0 ). Now, let us examine numerically the case when f 0 >> f R (what can be the true for cells with golden electrodes). Let us consider that two relaxations are still detectable in SmC* phase. Goldstone mode parameters are constant (De G = 20 and f G = 1 kHz). Though in reality, the soft mode dielectric strength changes with temperature, we assume in this simu− lation that dielectric strength of this mode is constant (De S = 4) while the relaxation frequency f S changes from 100 kHz up to 5 MHz (100 kHz, 300 kHz, 500 kHz 700 kHz, 1 MHz, 1.5 MHz, 2 MHz, 3 MHz, 4 MHz, 5 MHz). We assume con− stant value of De S to make results of simulation more clear. High frequency limit of the electric permittivity e ¥ = 4. Experimental setup is characterized by f 0 = 1 GHz. It means that cut−off frequency is practically beyond the measuring range. Frequency f R equals 30 MHz.
The results of simulation are shown in Fig. 8(a) . Gold− stone semicircle is omitted in this figure because all interest− ing effects relate to the soft mode semicircle. In Fig. 8(a) , we cannot see pseudo -relaxation related to cut−off fre− quency because f 0 is high.
Relaxation frequency of soft mode, much lower than f R frequency causes that points ( ¢¢ e EF versus ¢ e EF ) for high fre− quencies are below the soft mode arc. One can notice such a case for relaxation frequencies lower than 2 MHz. For plots obtained for relaxation frequencies higher than 2 MHz, points for higher frequencies are above the soft mode arc. If we calculate the relaxation parameters of soft mode (f S , De S , e ¥ ) from effective permittivities (from soft mode semicircle) they could be far from true parameters characterizing soft mode of liquid crystal. Of course, for such calculations we have to cut off some points for high frequencies (because they do not tend to be on any arc). Points which can be used for calculation of parameters of Cole−Cole model are shown in Fig. 8(b) [17] . High fre− quency points which do not suit any soft mode arc are removed from plots in this figure.
We do not need to make any calculations, it is clearly seen that dielectric strength of the soft mode read from Fig. 8(b) will be overestimated in comparison with true parameter of this mode, while high frequency limit e ¥ read from Fig. 8(b) will be underestimated. That will be the true if relaxation frequency of soft mode is higher than 2 MHz. It seems that relaxation frequency of soft mode read from Table 1 vs. frequency of measuring field. 
Extraction of the liquid crystal permittivities
where , .
Experimental results
This model was used for experimental data to check the model efficiency. Measurements were performed using the cell with golden electrodes prepared in our laboratory. Impedance analyzer HP 4192A was used for measurements. Amplitude of a measuring field was 100 mV, while BIAS voltage was 10 V to suppress Goldstone mode. Parameters of measuring cell are as follows, the golden electrode resistivity r < 1 W/o, cell gap d = 5 μm, cut−off frequency around f 0 = 850 MHz, resonance frequency obtained for empty cell around f R = 92 MHz. Low resistivity wires were soldered to measuring cell with ultrasonic unit USS 9200. Cut−off frequency and resonance frequency were found by fitting ¢ e KL and ¢¢ e KL from Eq. (7) with results calcu− lated on the basis of measurements using Eq. (8) .
From the model presented above we can conclude that for such parameters (f R < f 0 ), the effects related to induc− tance should be more visible than effects related to resis− tance. Liquid crystal mixture (called W−204d) [11] , synthe− sized at our University with SmA*, SmC* phases was investigated. We chose such mixture to have simply dielec− tric response. Only soft and Goldstone collective modes are detectable in W204d. Additionally, soft mode change a lot the relaxation frequency with temperature, what allows us to observe how this model can help with obtaining true relax− ation parameters in liquid crystals [11] .
Experimental results are fitted using Cole−Cole model, which is a little different from Debye model Eq. (15) [17] . Complex permittivity of liquid crystal (when two dielectric modes are assumed) can be calculated using equation 
, (18) where two new parameters are introduced in comparison with Eq. (15), h S and h G called Cole−Cole distribution para− meters. When both parameters h S and h G equal to zero, it means that both modes are "pure" Debye type.
We calculated parameters of relaxations in liquid crystal using two methods, to show differences between old me− thod and method introduced in this paper:
• in the first method we used "pure" Cole−Cole model, Eq.
(18), to find relaxation parameters by fitting ¢ e LC and ¢¢ e LC calculated from Cole−Cole model with the results obtained from measurements Eq. (14) . In this procedure we assume that experimental results are not influenced by experimental setup and impedance analyzer measures liquid crystals properties directly. This way of calcula− tion has nothing in common with the model presented in this paper.
• in the second method we used Cole Fig. 9 . Parameters of relaxations found in both procedures are collected in Tables  2 and 3 . One can see that the results for low frequency mode (Goldstone mode) do not depend on procedure. For high frequency mode (soft mode), the results found in both fitting procedures differ from each other. But when relaxation fre− quency of soft mode is lower (for temperature 90°C), the results of calculations are similar for both procedures.
One can see that if the relaxation frequency of soft mode f S is below 1 MHz, the points for high frequencies are below soft mode arc [ Fig. 9(a) ]. When f S is higher than 1 MHz, the points are above the arc [ Fig. 9(b) ]. The same effect is observed for numerical studies shown in Figs. 8(a) and 8(b) . As it was mentioned earlier, procedure 1 gives overesti− mated values of De S and f S and underestimated values of e ¥ .
It is worth to underline that procedure 2 gives really good fitting even for high frequencies. In Fig. 9 , it manifests as good fitting: EFF plot with FIT plot. All procedures known for author (presented in Ref. 12] ) cannot fit such results.
All these fitting curves, presented in Fig. 9 , were done for SmA* phase. It seems that one can find residual Gold− stone mode even far from temperature of phase transition SmC* -SmA*. It is better visible for temperature 105°C when soft mode is weak.
One can see from Table 3 that the relaxation frequency f S of soft mode increases with increasing temperature, the dielectric strength De S of this mode decreases and high fre− quency limit e ¥ is more or less constant. When we compare the results from Tables 2 and 3 , one can see that for proce− dure 1 relaxation frequency of soft mode is higher than for procedure 2, dielectric strength is also higher while high−frequency limit decreases with temperature a lot. Data which are clearly different in Tables 2 and 3 are marked in boldface. Table 2 . Parameters of the fitted modes using procedure 1 for two temperatures (f is the relaxation frequency, De is the dielectric strength, h is the distribution parameter). Two modes are observed, S -soft and G -Goldstone modes. Table 3 . Parameters of the fitted modes using procedure 2 (pre− sented in this paper) for two temperatures (f is the relaxation fre− quency, De is the dielectric strength, h is the distribution parame− ter). Two modes are observed, S -soft and G -Goldstone modes. 
Conclusions
The method presented in this paper allows us to find the true values of dielectric permittivities of liquid crystalline me− dium for relatively high frequencies. It is not a model of relaxation in dielectrics (like Debye, Cole−Cole, Cole−Da− vidson [18] or Havriliak−Negami [19] models). Method pro− posed in this paper supports the above mentioned models. It helps to describe and minimize the effects related to experi− mental setup. Because of the construction of the measuring cell we cannot avoid problems related to electrode resisti− vity or connecting wires inductivity. Using this model we can extract permittivities of liquid crystal from effective (measured) permittivities. When an old method "Af n " was used to estimate high frequency losses in ITO cell, the high frequency limit of relaxation frequency, found using this method was only 40 kHz [13] . The model presented in Ref. 10 works well for situation when we can neglect inductance effects. It is true for cell with ITO electrodes, because f 0 < f R . Cells with ITO electrodes using method from Ref. 10 can support the dielectric spectroscopy up to 2 MHz [11] . Cells with golden electrodes (f R < f 0 ) can be used also for relaxations up to 2 MHz without any special calculating procedures. If we want to investigate faster relaxations, the model presented in this paper is necessary.
From the results presented in this paper one can con− clude that this method allows us to investigate modes with relaxation frequency higher than 6-7 MHz (when we use HP 4192A with measuring frequency range up to 12 MHz). Earlier we had to cut off the results for frequencies higher ties. When Agilent 4292 impedance analyzer is used (with measuring range up to 110 MHz), it seems that relaxations with frequencies up to 30-40 MHz can be investigated using the model presented in this paper. When we compare the above mentioned limits: 40 kHz (for old "Af n " method) and 40 MHz (for new method pre− sented in this paper) one can notice that measuring range of relaxation expands 3 orders. With procedure introduced in this paper, the results of dielectric spectroscopy give the true picture of relaxations observed in liquid crystals.
